Objectives To study the association between lifestyle risk factors and chronic hypertension by history of hypertensive disorders of pregnancy (HDP: gestational hypertension and pre-eclampsia) and investigate the extent to which these risk factors modify the association between HDP and chronic hypertension.
Introduction
High blood pressure is a leading cause of disease in the world and an important modifiable risk factor for cardiovascular disease.
1 2 Between 5% and 10% of parous women have a history of hypertensive disorders of pregnancy (HDP: pre-eclampsia and gestational hypertension), 3 4 which is associated with earlier onset of chronic hypertension and a higher risk of ischemic heart disease and stroke. [5] [6] [7] Women with previous HDP may benefit from early screening for cardiovascular disease and its risk factors, 2-9 as they have a more adverse cardiovascular risk profile in middle age. 10 Despite calls for increased screening of cardiovascular risk factors, 11 including chronic hypertension, little guidance exists regarding the prevention of chronic hypertension among women with a history of HDP. Furthermore, the role of lifestyle in the progression from HDP to chronic hypertension is largely unknown. 12 In particular, whether established lifestyle interventions are as effective in women with a history of HDP as in the general population is unclear. Observational data can, in this setting, both inform the design of future trials and provide complementary evidence in the development of clinical prevention guidelines.
In this study, we first examined the association of four established lifestyle risk factors for high blood pressure (body mass index, 13 physical activity, 14 15 adherence to the Dietary Approaches to Stop Hypertension (DASH) diet, 16 17 and dietary sodium/potassium intake 18 ) with the development of chronic hypertension by history of HDP. We then investigated the extent to which progression from HDP to chronic hypertension is modified by each lifestyle factor.
Methods
We included parous women with complete reproductive history from the Nurses' Health Study II, a prospective cohort study that recruited 116 429 female US registered nurses aged 25-42 years in 1989. These women were free of known cancer (excluding benign skin cancer) at recruitment and were sent questionnaires biennially. Participants in the study, irrespective of parity, between 1991-the first year the women filled out food frequency questionnaires-and 2013 were considered potentially eligible (n=115 048). Cohort participants provided detailed data on their complete reproductive history on the 2009 questionnaire, including whether and when they had been diagnosed as having gestational hypertension or pre-eclampsia. Of these responders (n=76 840), we excluded 13 253 nulliparous women and 4153 women who had had chronic hypertension, myocardial infarction, or stroke before they were eligible to enter the analyses, leaving 59 434 potentially eligible women. For the purpose of this study, we restricted age during follow-up to 32-59 years as few eligible women were outside this age range. Exclusion of women who did not meet the specific analytic inclusion criteria for any covariate updated time period (as described below) resulted in 54 588 parous women aged 32-59 years entering this analysis.
Ascertainment of HDP, lifestyle exposures, and chronic hypertension
We classified nurse participants as having a history of HDP after the first of any pregnancy lasting at least 20 weeks that they self reported to have been complicated by a diagnosis of gestational hypertension or pre-eclampsia. Maternal recall of HDP has fairly high sensitivity, and the quality does not seem to be uniformly affected by time since pregnancy. 19 Women retrospectively recalled their weight at age 18 years and reported their current height at the start of the study in 1989 and their current weight at each subsequent questionnaire; all of these anthropometric variables have shown high correlation with clinical measurements in validation sub-studies of nurse participants.
20 21 We calculated body mass index as weight in kg divided by height in m squared (kg/m 2 ) and categorized it into six groups: underweight (<18.5), low (18.5-22.4) and high (22.5-24.9) normal weight, overweight (25.0-29.9), class I obesity (30.0-34.9), and class II/III obesity (≥35.0). 22 We excluded women with calculated body mass index below 15 or above 50. Physical activity was based on total leisure time physical activity per week (with specific activities characterized by metabolic equivalents (METs)) and updated every four to six years. 23 Diet was reported using food frequency questionnaires and re-evaluated every other questionnaire cycle. As described elsewhere, 24 we derived an energy adjusted DASH diet score based on adherence to the DASH guidelines. We used the energy adjusted sodium/potassium intake (that is, density), as questionnaires are better at quantifying sodium/potassium intake than they are at quantifying dietary sodium, 25 and, like sodium, the sodium/potassium intake is associated with higher blood pressure. 18 Variables were generally carried forward for up to four cycles if missing. The only exception among the lifestyle exposures was body mass index, which was carried forward for only two cycles as current weight was asked on every questionnaire.
In 1989 women reported whether they had ever been diagnosed as having hypertension outside of pregnancy (here referred to as "chronic hypertension" to distinguish it from hypertension in pregnancy) and, with each subsequent questionnaire, they were asked to report any new diagnosis. Self reported diagnosis by a physician of chronic hypertension has been shown to be reliable in this cohort. 26 
Statistical analyses
We used multivariable Cox proportional hazards models to estimate hazard ratios and 95% confidence intervals for the association between each lifestyle factor and chronic hypertension, by history of HDP. Each Cox model was stratified by questionnaire cycle and age.
Women were eligible to enter the analyses if they were parous and 32 years of age or older; women contributed person time beginning in 1991 or at the questionnaire cycle after they became eligible (that is, had their first birth and/or turned 32). Women were censored at report of chronic hypertension (the outcome of interest), confirmed myocardial infarction or stroke, last returned questionnaire, death, upper age limit, or end of follow-up. Periods of ineligible person time-for example, when a woman was pregnant, reported antihypertensive drug use (in the absence of a diagnosis of chronic hypertension), had not reported lifestyle data before the period, or the period was past the carry forward horizon of covariates-were not included in the analyses.
To estimate effect modification by lifestyle from the Cox models correctly (as described below), there should be no two way or three way multiplicative interactions of HDP or lifestyle with age. As this assumption did not hold for any of the lifestyle factors across the full age range (P<0.001), we instead modeled associations separately in three age categories: 32 to 39, 40 to 49, and 50 to 59 years. On the basis of tests of the age interactions within these finer age strata, we assumed proportional hazards.
To evaluate the association between each lifestyle factor (body mass index, physical activity, DASH diet, and sodium/potassium intake) and chronic hypertension by previous HDP status, we used Cox models that included multiplicative interaction terms between HDP status and the index lifestyle factor. We included covariates on the basis of a priori assumptions about their roles as either confounders or mediators. The base models were adjusted for age, race/ethnicity, and parity (that is, non-modifiable risk factors for HDP and chronic hypertension). The adjusted models additionally included body mass index at age 18; updated smoking status, alcohol use, non-steroidal anti-inflammatory drug use, menopausal status, and history of gestational diabetes mellitus; and each of the lifestyle variables (updated body mass index, physical activity, DASH diet, and sodium/potassium intake) and multiplicative interactions terms for HDP history and the lifestyle factor under investigation in that particular model. In the analyses focusing on modification by sodium/potassium intake, we controlled for quarters of whole grain and saturated fat intake instead of DASH diet, as the DASH diet score includes sodium intake. Relevant covariates (for example, body mass index but not race/ethnicity) were also allowed to be updated every cycle.
To test for effect modification by each lifestyle factor, we used an established SAS macro to calculate multiplicative interactions and the relative excess risk due to interaction (RERI) between lifestyle and history of HDP, 27 with RERI being our main focus. We also calculated two additional additive interaction statistics (attributable proportion and synergy index) to further support any interaction identified by the RERI. 28 In the analyses of effect modification by body mass index, we excluded underweight women to allow women with low normal weight (body mass index 18.5 to 22.4) to serve as the reference group. 29 We used SAS 9.4 for all statistical analyses.
Patient involvement
No patients were directly involved in setting the research question or the outcome measures, nor were they involved in developing plans for recruitment, design, or implementation of this specific study. No patients were asked to advise on interpretation or writing up of results. The results of the research conducted in the Nurses' Health Study II are regularly reported to study participants.
Results
In total, 13 971 cases of chronic hypertension occurred during 689 988 person years of follow-up. Table 1⇓ shows the characteristics of women by status at study entry. Ten per cent of women had a history of HDP in any pregnancy. Although women with and without a history of HDP were similar in most characteristics, those with hypertensive pregnancies had higher body mass index at study entry and were more likely to have a history of gestational diabetes and parents with a history of chronic hypertension. However, physical activity, DASH diet score, and sodium/potassium intake were similar between the two groups. Figure 1⇓ shows estimated incidence curves for chronic hypertension by varying levels of lifestyle factors and history of HDP. Women with previous HDP and low normal weight (body mass index 18.5 to 22.4) had a higher cumulative incidence of chronic hypertension than did women without HDP of the same weight but less than that of women with obesity class I (body mass index 30.0 to 34.9) without a history of HDP ( figure 1⇓, top left panel) . For the lifestyle factors other than body mass index, the basic cumulative incidence of chronic hypertension seemed to be higher in women with a history of HDP than in women without HDP, regardless of lifestyle. We observed similar results when HDP was plotted separately for pre-eclampsia and gestational hypertension (data not shown). Tables 2 and 3⇓ show the adjusted hazard ratios for the association between lifestyle risk factors and chronic hypertension within each category of HDP history by age. Higher body mass index was associated with a greater risk of chronic hypertension regardless of HDP history and in all age groups (table 2⇓). This was also evident within the normal range of body mass index regardless of HDP history; women with high normal body mass index had a higher hazard ratio for chronic hypertension than those with low normal body mass index (for example, women aged 32-39 years, without history of HDP, and with body mass index 22.5-24.9: hazard ratio 1.92, 95% confidence interval 1.45 to 2.54). The associations of other lifestyle risk factors with chronic hypertension were inconsistent across age and HDP strata (table 3⇓) . In women without a history of HDP, worse adherence to the DASH diet was associated with chronic hypertension, as was, to a lesser extent, higher sodium/potassium intake. The hazard ratios shown in tables 2 and 3⇓ convey the association between each lifestyle exposure and chronic hypertension within each category of HDP and are not suitable for estimating differences in association between categories of HDP history. In the next section, we present the results of the effect modification (interaction) analyses, which are relevant for comparing associations between women with and without a history of HDP. All associations from the basic models adjusted only for age, race/ethnicity, and parity, which generally were of greater magnitude, are shown in supplementary tables A and B.
Lifestyle factors in development of chronic hypertension by history of HDP

Effect modification by lifestyle on association between HDP history and chronic hypertension
The analyses of effect modification by lifestyle factors on the association between HDP and chronic hypertension (interaction analyses) are summarized to the right in tables 2 and 3⇓. When we considered body mass index and previous HDP jointly on the additive scale, we observed effect modification (P<0.01) in all age strata. With consistently positive RERIs (supplementary table C), our results indicate that body mass index in the years after pregnancy modifies the association between previous HDP and risk of chronic hypertension in women. These RERI analyses quantify effect modification (interaction) on the additive scale, which is relevant in the context of understanding the potential to prevent chronic hypertension. In contrast, we found evidence of a negative multiplicative interaction between previous HDP and body mass index among women aged 40-49 years, indicating that the hazard ratio for chronic hypertension in women with previous HDP was smaller than expected with higher body mass index compared with women without HDP. These analyses of multiplicative interaction are informative regarding to what extent the hazard ratio estimates differ between women with and without HDP, but less relevant as basis for mechanistic inference. 28 We found no clear evidence of effect modification (interaction) by physical activity, DASH diet, or sodium/potassium intake on either the additive or multiplicative scale (table 3⇓ ). The exception is that in women aged 40-49 years, some evidence existed of interactions between adherence to DASH diet and history of HDP. In supplementary tables C and D, we show additional interaction statistics (RERI, attributable proportion, and synergy index) for each joint exposure category. For example, the proportion of risk of chronic hypertension attributable to the additive interaction between HDP and body mass index (attributable proportion) ranged from 16% to 51% across age and body mass index categories. Figure 2⇓ shows estimates for the relative excess risk of chronic hypertension due to HDP history and body mass index (synthesized from models in table 2⇓ and supplementary table  C) . In each panel of figure 2⇓ , the white bar corresponds to the reference group of women with low normal body mass index and no history of HDP (hazard ratio=1). The combined white and light blue bars in each panel indicate the hazard ratio for women with low normal body mass index but with a history of HDP. The medium blue bar indicates the relative excess risk due to body mass index above low normal for women without HDP history. Finally, the dark blue bars correspond to the RERI, which is consistently positive across the three panels. These dark blue bars indicate the relative excess risk of chronic hypertension associated with higher rather than low normal body mass index that is particular to women with a history of HDP.
We also did several sensitivity analyses: adjustment for parents' education during the participant's childhood, use of oral contraceptives (in women aged 32 to 49 years), or hormone replacement therapy (in women aged 50 to 59 years) did not materially alter the findings (data not shown). In addition, the results remained very similar when we restricted the analysis to person time of women with no history of gestational diabetes mellitus, and the additive interaction between HDP history and body mass index also persisted in analyses with body mass index as a continuous variable (data not shown).
Discussion
In this study, overweight and obesity were associated with increased risk of chronic hypertension in women with and without a history of hypertensive pregnancy. Furthermore, a higher than normal weight also seemed to be a (positive and additive) effect modifier on the association between HDP and chronic hypertension. In other words, women with both overweight/obesity and history of HDP had a higher than expected risk of chronic hypertension, given the risks observed when these risk factors were considered separately. Hypertensive pregnancy may be an early warning sign of an adverse cardiometabolic composition, which temporarily manifests under the metabolic stress of pregnancy. 30 Our findings suggest that this adverse cardiometabolic phenotype, revealed by a history of HDP, may synergize with overweight and obesity in the years after pregnancy to further raise the risk of chronic hypertension later in life. A healthy weight thus seems to be of additional importance in women with a history of HDP. Consequently, interventions focused on weight optimization could potentially reduce the risk of chronic hypertension to a greater extent in this group than among other parous women.
We found no support for effect modification by physical activity, DASH diet, or sodium/potassium intake on the association between previous HDP and the development of chronic hypertension. Given the inconsistent RERI pattern observed across quarters of DASH diet adherence in women aged 40-49 years (supplementary table D), we interpret the low P value for global RERI in this age group to be a chance finding. In the absence of effect modification, it is best to assume that current recommendations to prevent chronic hypertension through diet and exercise apply to women with previous HDP as they do to women without a history of HDP. Furthermore, even though physical activity in itself might not decrease the risk of chronic hypertension in all women, it is still a logical target behavior to reduce weight in all preventive interventions focusing on chronic hypertension. The somewhat inconsistent results of diet and physical activity with risk of chronic hypertension may also result from low statistical power to detect modest effect sizes when stratified by age and HDP history. In addition, the sodium/potassium intake calculated from the diets reported by the participants is high compared with the recommended sodium/potassium intake for a low salt diet. 18 As a result, we did not have the data to investigate the association between a very low salt diet and risk of chronic hypertension.
Strengths and weaknesses of study
To our knowledge, this is the first analysis to comprehensively investigate lifestyle in the progression from HDP to chronic hypertension over decades of follow-up. The large sample size, available data on several confounders, and the ability to update lifestyle and disease information over follow-up are key strengths. The primary weakness of the study is the reliance on nurse participants' self report of HDP exposure. Although the self reported diagnosis of chronic hypertension has been shown to be highly accurate in the Nurses' Health Studies, 26 31 we have less information about the validity of self reported pre-eclampsia and gestational hypertension. However, in primary care practice, a woman's self report of pregnancy complications is typically the only information that a clinician has about a woman's pregnancy history; in this sense, HDP ascertainment in this study mimics the clinical situation. The study population consists largely of white nurses, potentially limiting generalizability, and additional studies in more diverse populations are needed to further confirm our results. Another potential limitation is that not all in the original cohort provided detailed reproductive history, which included our HDP exposure, and that any participant had to be alive in 2009 to do so. However, as all cohort participants were, or would have been, still in their middle age at that time point, survivor bias is unlikely to explain the results.
Comparison with other studies and implications of findings
Obesity has long been viewed as a major risk factor for hypertension in younger middle aged women. 32 Our findings are consistent with literature showing that women with a history of HDP are at a higher risk of developing chronic hypertension and that higher body mass index may be a mediator of chronic hypertension in women with a history of HDP. 33 34 However, we are not aware of any other study that includes formal interaction analyses between HDP and post-pregnancy body mass index for the risk of chronic hypertension. Our analyses suggest potential synergy between HDP history and overweight/obesity in the development of chronic hypertension. If certain assumptions hold (for example, a risk factor never being preventive or "positive risk monotonicity"), interaction on the additive scale might support the presence of mechanistic interaction and potential synergy in a sufficient cause framework. 35 36 Although the synergy between HDP history and obesity is merely suggestive and based on observational data, previous studies offer some biological underpinning for this finding. For example, insulin resistance, leptin dysregulation, and sympathetic hyperactivity are features shared by HDP and obesity. 37 38 Dysfunction in the interplay of these factors is also involved in the development of chronic hypertension in people with obesity. 39 In the reproductive context, obesity and supra-normal weight gain are also associated with increased risk of complications both in a current pregnancy and in future pregnancies. [40] [41] [42] Furthermore, women with HDP tend to gain more weight in the decades after childbirth, 43 which supports the need for effective post-pregnancy interventions in these women. Although maintaining normal weight, adherence to a DASH-type diet, lower sodium intake, and adequate levels of physical activity are generally recommended for women to decrease their cardiovascular risk, this study is, to our knowledge, the first to specifically confirm that these recommendations are also suitable for middle aged women with previous HDP.
Our observations suggest that overweight and obesity are especially detrimental to women with previous HDP and also provide evidence for targeted clinical screening and interventions in these women. However, women with a history of HDP might be more insulin resistant, 44 which, in concert with potentially altered energy homeostasis, might impede sustained, long term, weight loss. 45 Thus, whereas women with overweight and a history of HDP have a higher than expected risk of chronic hypertension, they might also be less responsive to clinical weight loss interventions. This underlines the importance of testing specific interventions in clinical trials before implementing them more broadly. Here we provide important rationale and data for the development of such studies. In focus groups, women with a history of pre-eclampsia and gestational diabetes have expressed interest in lifestyle interventions that include the whole family unit. 46 47 As HDP and gestational diabetes are also associated with poor cardiometabolic profiles in the offspring, 48 49 a healthy maternal weight might reduce the risk of cardiometabolic disease in two generations. Family based interventions are of additional interest in this context, as they have shown promising results for reducing overweight and obesity in offspring. 50 Interestingly, in a study that specifically targeted the parents of obese 2-5 year old children, the intervention was associated with improved weight change in the offspring and parental weight loss. 51 Lifestyle interventions following pregnancy complications, therefore, might be most effective if they also include primordial cardiovascular disease prevention in the offspring.
Conclusions
This is the first study to comprehensively assess the relative importance of lifestyle factors in the progression to chronic hypertension in women with a history of HDP compared with parous women without such a history. A history of HDP is associated with a higher risk of chronic hypertension, and our data suggest that overweight or obesity might be especially detrimental to affected women. In contrast, we found no evidence that physical activity or dietary quality differ in their importance in preventing chronic hypertension by HDP history. Therefore, to reduce cardiometabolic risk in women with a history of HDP, our results suggest that effective clinical interventions that facilitate a healthy weight and lifestyle post-pregnancy are needed. In the meantime, clinicians should especially help women with a history of HDP or gestational diabetes mellitus to attain, and maintain, a healthy weight after pregnancy. Each woman's own reproductive plans should guide whether the main motivation of such efforts is to prepare for a healthy future pregnancy or to lower the risk of future cardiometabolic disease.
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What is already known on this topic
Women with a history of hypertensive disorders of pregnancy (HDP) are at increased risk for chronic hypertension and cardiovascular disease
Healthier lifestyle can reduce the risk of chronic hypertension in the general population
What this study adds
Women aged 32-59 years with previous HDP seem to have similar benefit from physical activity and adhering to dietary guidelines compared with parous women with only normotensive pregnancies
Overweight and obesity seem to be more detrimental in the progression to chronic hypertension in women with a history of HDP than in women without such a history
As for women with gestational diabetes mellitus, clinicians should especially help women with a history of HDP to attain, and maintain, a healthy weight after pregnancy Tables   Table 1| Descriptive Models include adjustment for age, race/ethnicity (white, Latina, African-American, Asian, or other), parity (1, 2, or ≥3 births), Dietary Approaches to Stop Hypertension diet (quarters), physical activity (quarters), BMI at age 18 years, smoking (non-smoker, current smoker, or former smoker), alcohol intake (none, 1-15 g/day, >15 g/day), non-steroidal anti-inflammatory drug use (none, past, current), history of gestational diabetes mellitus (yes/no), menopausal status (premenopausal, postmenopausal, unsure), parental history of chronic hypertension (yes/no), and interaction terms between HDP and BMI categories. *Underweight women (BMI<18.5) excluded as additive interaction analyses require category with lowest combined risk to be reference group. †Continuous BMI included in models instead of categorical BMI. ‡Global P for relative excess risk due to interaction (RERI) between HDP and BMI. Specific additive interaction statistics are given in supplementary table C. §Same model as for "No HDP" except that women with previous HDP and BMI 18.5-22.4 constitute reference group. Focus of main interaction analysis is on additive rate scale. This type of interaction is tested within RERI framework by using "No HDP" model and does not correspond to comparing hazard ratios presented here by HDP history. smoker, or former smoker), alcohol intake (none, 1-15 g/day, >15 g/day), non-steroid anti-inflammatory drug use (none, past, current), history of gestational diabetes mellitus (yes/no), menopausal status (premenopausal, postmenopausal, unsure), parental history of chronic hypertension (yes/no), and interaction terms between HDP and lifestyle factor quarters. DASH diet is not included in models of sodium/potassium intake as sodium intake is used for its definition. Instead quarters of whole grains and saturated fat were used to adjust for dietary habits.
*Descending physical activity and DASH diet score but ascending sodium/potassium intake. †Lifestyle factor included in model as continuous variable (sodium/potassium intake and physical activity as metabolic equivalents are log transformed). ‡Global P for relative excess risk due to interaction (RERI) between HDP and each lifestyle risk factor. Specific additive interaction statistics are given in supplementary 
